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Abstract
We investigated the effect of paternal folate status on folate content and expression of the folate transporter folate receptor α (FRα) in rat placental
tissues. Rats were mated after males were fed a diet containing 0 mg of folic acid/kg of diet (paternal folate-deficient, PD) or 8 mg folic acid/kg
of diet (paternal folate-supplemented, PS) for 4 weeks. At 20 days of gestation, the litter size, placental weight, and fetal weight were measured, 
and placental folate content (n = 8/group) and expression of FRα (n = 10/group) were analyzed by microbiological assay and Western blot analysis,
respectively. Although there was no difference observed in litter size or fetal weight, but significant reduction (10%) in the weight of the placenta
was observed in the PD group compared to that in the PS group. In the PD group, placental folate content was significantly lower (by 35%),
whereas FRα expression was higher (by 130%) compared to the PS group. Our results suggest that paternal folate status plays a critical role in 
regulating placental folate metabolism and transport.
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The placenta, a tissue of fetal origin, plays distinct roles in 
the maternal-fetal transfer of oxygen and nutrients as well as 
the synthesis of hormones and various proteins [1]. Proper 
functioning of the placenta, therefore, is important for normal 
fetal growth and development. Restrictions of nutrient intake 
during the critical period of rapid placental growth may restrict 
the degree of growth and development of the placenta, leading 
to low birth weight [2].
Folate plays a role in various one-carbon transfer reactions and 
is important for normal placental and fetal growth and 
development [3]. Placental folate transporters play a critical role 
in mediating placental transport of maternal folate to the fetus 
[4]. They act by transferring 5-methyltetrahydrofolate against a 
concentration gradient, achieving about a 3-fold higher folate 
concentration in the fetal circulation than in the maternal plasma 
[3]. Among several transporters, placental folate receptor α (FRα) 
is responsible for the initial step in placental folate transfer by 
mediating apical folate uptake at physiological pH as well as the 
entry of folate from maternal blood into the syncytiotrophoblast 
[5-8]. Maternal folate deficiency causes changes in placental 
folate content, expression of folate transporters, and global DNA 
methylation [8-11], and is known to result in placental complica-
tions such as placental abruption, vascular thrombosis, and infarction, 
as well as adverse birth outcomes [12].
The placenta has recently received a great deal of attention 
due to its importance in imprinting and epigenetic regulation 
during the development of offspring [13]. Research on the 
association of parental folate status with placental folate 
metabolism and birth outcome has mainly focused on maternal 
folate status. The association of paternal folate status to 
reproduction has largely been limited to sperm quality [14-16]. 
In our preliminary study, lower contents of brain folate in fetuses 
of folate-supplemented dams mated with folate-deficient males 
were observed compared to those of folate-supplemented male 
rats [17]. We therefore hypothesized that paternal folate deficiency 
influences placental folate transfer, and in turn, resulting in 
unfavorable fetal outcomes similar to maternal folate deficiency. 
In the study presented here, we investigated the effect of paternal 
folate status on placental folate content and FRα expression. 
Materials and Methods
Experimental animals and diet
Six-week-old male Sprague-Dawley rats (n = 14) and female 
rats (n = 14) were purchased from Central Lab., Animal Inc. 
(Seoul, Korea) and fed a non-purified diet (Central Lab, Animal 
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Fig. 1. Fetal weights and placental weights in the paternal folate-supplemented and folate-deficient groups. (A) Fetal weight and (B) placental weight. The vertical lines 
represent the SEM. Numbers below the group names represent the number of animals. P values represent the significance of the differences among the groups (Student’s 
t-test).
PS PD
Male
2)
Body weight at mating (g) 457.5 ± 11.4
1) 488.2 ± 12.8
Food intake (g/day) 27.0 ± 1.6 31.0 ± 4.9
Female
2)
Body weight on day 20 of gestation (g) 373.0 ± 17.4 381.8 ± 12.7
Food intake (g/day) 20.3 ± 1.3 24.2 ± 3.0
1) Values  are  the  mean ± SEM  (n = 7/each  group). 
2) The mean body weights and food intakes of male rats during mating and female 
rats on day 20 of gestation did not differ significantly between the PS and PD 
groups. 
Table 1. Body weights and food intakes of male and female rats in the paternal
folate-supplemented (PS) and folate-deficient (PD) groups
Inc.) during a one-week acclimation period. After this, male rats 
were randomly divided into two groups and fed ad libitum 
casein-based AIN-93G diets (Central Lab, Animal Inc.) containing 
0 mg of folic acid [pteroylglutamic acid]/kg of diet (paternal 
folate-deficient group, PD) or 8.0 mg of folic acid/kg of diet 
(paternal folate-supplemented group, PS) for 4 weeks [11]. In 
contrast, all female rats were fed a diet containing 8.0 mg of 
folic acid/kg of diet for 4 weeks before mating and thereafter. 
Body weight and food intake were monitored throughout the 
experimental period once and thrice per week, respectively. On 
day 20 of gestation, rats were killed by exsanguination under 
ether anesthesia, and litter size, placental weight, and fetal weight 
were measured. The isolated fetal liver and placenta were stored 
at -80℃ until analyses. This study was approved by the Institu-
tional Animal Care and Use Committee of Ewha Womans 
University.
Folate microbiological assay of fetal liver and placenta
Folate content was measured with Lactobacillus rhamnosus 
(ATCC 7469) in a 96-well microplate using randomly selected 
fetal liver (n = 10) and placental tissues (n = 8) [18]. After 
washing with phosphate-buffered saline (pH 7.0), the whole 
placenta was homogenized with 0.1 M potassium phosphate 
buffer containing ascorbic acid (58.8 mmol/l) and centrifuged 
(240 × g for 10 min, 4℃). The supernatant was incubated with 
rat serum folate conjugase (8 h, 37℃, pH 7.0) to hydrolyze 
polyglutamyl folates to monoglutamyl folates, which are readily 
utilized by the bacteria. After heating (10 min, 100℃) and 
subsequent centrifugation (2,450 × g, 10 min), the supernatant 
was directly used for folate assay.
Western blotting analysis in the placenta
Randomly selected whole placental tissues (n = 10) were 
homogenized in RIPA Cell Lysis Buffer (pH 7.5, GenDepot, 
Barker, TX, USA) with ProteoBlock Protease Inhibitor Cocktail 
(Fermentas, Burlington, Canada) and centrifuged (16,600 × g for 
15 min, 4℃). The protein content of the supernatant was 
determined using a bicinchoninic acid (BCA) Protein Assay Kit 
(Thermo Scientific, Rockford, IL, USA). Then, 15 μg of protein 
was applied onto 10% SDS-polyacrylamide gel and electro- 
transferred onto a nitrocellulose transfer membrane (Whatman, 
Dassel, Germany), which was probed with primary antibodies 
against either FRα or β-actin (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA); horseradish-peroxidase-linked antibody was 
used as a secondary antibody (Santa Cruz Biotechnology). The 
blotted membranes were visualized with SuperSignal West Pico 
Chemiluminescent Substrate (Thermo Scientific), and the density 
of each band was quantified using LAS-3000 and MultiGauge 
V3.0 densitometer (Fujifilm, Tokyo, Japan).
Statistical analysis
Data were analyzed using SPSS V12.0 (Chicago, IL, USA) 
and are expressed as mean ± SEM. The differences of among 
the two groups of data were evaluated by Student t-test. A P 
value < 0.05 was accepted as significant. 
Results
The mean body weight and food intake of male rats during 
mating and female rats on day 20 of gestation did not differ 114 Paternal folate deficiency on placental folate metabolism
(A) (B) (C)
Fig. 2. Fetal liver folate contents, placental folate contents, and protein expression levels of FRα in the paternal folate-supplemented and folate-deficient groups. 
(A) Fetal liver folate content, (B) placental folate content, and (C) expression of FRα in the placenta. The vertical lines represent the SEM. P values represent the significance 
o f  t h e  d if f e r e n c e s  a m o n g  t h e  g r o u p s  ( S t u d e n t’s  t-test).
significantly between the PS and PD groups (Table 1). There 
were no differences in litter size between the two groups (14.1
± 1.01 and 13.3 ± 0.75 in the PS and PD groups, respectively). 
The mean placental weight in the PD group (0.36 ± 0.01 g) was 
lower than that in the PS group (0.40 ± 0.01 g, P < 0.05, Fig. 
1B). On the other hand, no difference was observed in mean 
fetal weight between the two groups (PS; 1.37 ± 0.01 g and PD; 
1.35 ± 0.02 g, P = 0.38, Fig. 1A).
The mean fetal liver folate content of the PD group (30.70
± 2.70 nmol/g of wet tissue) was significantly lower than that 
of the PS group (46.17 ± 5.73 nmol/g of wet tissue, P < 0.05, 
Fig. 2A), and the mean placental folate content of the PD group 
(5.03 ± 0.57 nmol/g of wet tissue) was significantly lower than 
that of the PS group (7.70 ± 0.36 nmol/g of wet tissue, P< 0.01, 
Fig. 2B). The placental FRα expression of the PD group was 
about 2.3 times higher than that of the PS group (P< 0.01, Fig. 
2C).
Discussion
We found that mean placental weight was lower in the PD 
group than in the PS group, although fetal weights were similar 
between the two groups. We also found that paternal folate 
deficiency affected folate transport in the placenta. Folate 
deficiency also reduced the folate content with an increase in 
the expression of FRα in the placenta, and we do not know the 
mechanism of these seemingly contradictory findings. The 
placenta is a tissue of fetal origin. Therefore, both paternal and 
maternal factors (genetic and nutritional) should play equally 
critical roles in regulating placental development and other 
functions, including folate metabolism and transport. Although 
such regulations can be controlled by epigenetic regulation of 
genes from both parents, little attention has been given to paternal 
factors. In our study, paternal folate deficiency alone, despite 
the maternal folate sufficiency, caused a decrease in fetal liver 
and placental folate contents along with FRα upregulation and 
a decrease in placental weight. These results clearly suggest that 
paternal folate status was critical for placental folate metabolism 
and development, and this effect was independent from the effect 
of maternal folate status. To our knowledge, this is the first study 
to demonstrate the effect of paternal folate status on placental 
folate content and FRα expression.
Fetal growth has been positively associated with maternal 
folate nutrition in animal and human studies [19-22]. In some 
experiments, maternal folate intake was found to be associated 
with fetal weight in a dose-dependent manner [23,24]. As an 
explanation of such findings, it was demonstrated that maternal 
deficiency is associated with folate receptor upregulation 
accompanied by multiple aberrations in fetal tissues as well as 
severe placental defects in mice [24]. It was also reported that 
placental weights are not affected by maternal folate deficiency 
despite markedly low placental folate content. In our study, 
however, a higher mean placental weight was found in the PS 
than PD group, whereas no difference in the fetal weight was 
observed. We do not know the reasons for these discrepancies 
with other investigations.
At this point, we are unable to offer underlying mechanisms 
for our observed changes in the folate content, FRα expression, 
and placental weight caused by paternal folate status. However, 
the following explanation may be plausible: changes in paternal 
folate status could affect sperm DNA methylation, which would 
disrupt gene expression. We and several other investigators have 
reported reduced levels of global [11,25] and gene-specific DNA 
methylation [26] in the placenta during maternal folate deficiency 
as well as in sperm in folate-deficient males with genetic 
polymorphisms [27,28]. Although we did not measure DNA 
methylation in the placenta in this study, fetuses in the PD group 
may have been affected by folate-deficiency-induced paternal 
epigenetic modification in addition to sperm DNA alteration, 
such as DNA hypomethylation during spermatogenesis [29,30]. 
We speculate that the reduction in placental weight in the PD 
group was due to epigenetic changes in sperm DNA, or 
imprinting of genes, and possibly in the placental DNA as well. Hye Won Kim et al. 115
Although some alleles are expressed from only one of the 
parent-derived ones affecting genomic imprinting, both parents 
can provide DNA sequences to the fertilized egg at the time 
of fertilization. Therefore, it is possible that paternal folate 
deficiencies cause epigenetic changes in genes, including the FRα 
gene, thus altering the expression of FRα in the placenta and 
liver as well. 
The weakness of our present study is that it is difficult to 
explain the physiological significance of our data or even a 
mechanistic explanation of our findings. Further determinations 
of folate contents and the expression of other folate transporters, 
as well as folate distribution in maternal and fetal tissues, may 
elucidate these issues. Furthermore, studies should investigate 
whether or not the changes in other placental transporters are 
caused by paternal folate deficiency in combination with maternal 
folate sufficiency or deficiency in this animal model. The role 
of the placenta has recently received great attention because of 
its importance in imprinting and epigenetic regulation during the 
development of offspring [13].
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